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Foreword

This report describes biologic effects of electromagnetic radiation of
wavelengths between three meters, (100 Mc)* and one millimeter (300,000 Mc).
Results of microwave studies at 200 Mc, 1240 Mc, and 2800 Mc conducted by per-
sonnel of the University of Rochester Atomic Energy Project, between 1958 and
1965 are presented.

Evaluation of dosimetry and instrumentation techniques were not an objec~
tive of this study:therefore these items will be discussed only where perti-
nent. Information on physical factors and dosimetry can be obtained from

several sources (4,5,66,94,150-156,161,182).

Our observations are amalgamated with information of other investigators
to provide a basis for assessing the present ''state of the art' insofar as
radar hazards are concerned,

The investigations were performed by Joe W. Howland, Sol M. Michaelson,
and R.A.E. Thomson with the assistance at various times of Myra Berman, Theo-
dore Elliott, Karl Emilson, Walter Krasavage, Kevin Mahoriey and William Quin-
lan, Jr. Some of the hematologic determinations were performed by Susan Gilt
and Kathleen Scheer.

The contributions to this investigation by post~docioral studies of M. D.
Harris, Lt Col, USAF (V€)% L. T. Odland, Lt Col, USAF (MC)% H. S. Seth, Wg
Cmdr, Indian Air Force (Med)’, and M. L. Tamami, M. D., are acknowledged wi th
appreciation,

The assistance of Mr. Joe Parmentier in maintaining and operating th-.
equipment,and the advice of Prof. Herbert Mermagen and Dr. Joe H. Vogelman are
acknowledged with appreciation.

The cooperation of Dr. Alan Keller of the U.S. Army Medical Research Lab-
oratory at Fort Kncx, Kentucky, and Dr. C. Osborne of the Unive-sity of Buf-
falo, in making their facilities available for some of these studies is
greatly appreciated,

Dr. Henry Blair, George M. Knauf, Col, USAF (MC)', Robert Zellner, Maj,
USAF (MC) (deceased)' Mr. Herbert Brownstein and Mr, William Doherty provided
the admipistrative support which was invaluable in these studies.

The critical comments of Dr. Henry Blair, Dr. Joe H. Vogelman, and Law-
rence T. Odland, Lt Col, USAF (MC) who reviewed the rough draft of this report
are acknowledged with appreciation,

The investigations described in this document were performed at the Uni-
versity of Rochester, Rochester, N.Y., and Rome Air Develcpment Center,
Griffiss Air Force Base, Rome, N.Y., under RADC contract AF30 (602)-2921 U.S.

*|n this report, Mc or Mc/sec are used to desigcnate microwave frequency in
preference to MHz (the ihterpational standard) for the sake of uniformity.




Air Force ''dated 1 March 1958'" and contract W-7401-eng-49 U.S. Atomic Energy
Commission.

This certifies that the investigations under the above contract were con-
ducted according to the ''Guiding Principles in the Care and Use of Animals"
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promulgated by the American Physiclogical Society,
The RADC Project Engineer is Mr. William J. Doherty, EMEDI.
This final report has been reviewed and is approved. '

i

AT

R é,( e

Approved:  YILLIAM J.

Project Engineer
Infermation hchniquel Section

Approved:

» Engineering Division

FOR THE COMMANDER)

IRVIN ABELMAN '
Chief, Advoncod Studies Group ¢
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EVALUATION

Through ihe efforts of & Tri-Service Ad Hoc Committee, estab-
lished by the Air Force in 1957, & preiiminary tolerance limit was
derived and implemented to safeguard personnel from potential haz-
ards associated with exposure to microwave power fields. This limit,
expressed as & maximum permissible level of 10 mw/cme, was based
principally on enimal research and theoretical predictions of energy
effects on the human body. While it was recognized that the iow
power density figure would impose an operational burden on military
commands employing high power microwave devices, the limitations of
available biceffects data dicteted & conservative estimate. BSince
the need for more substential biomedical evidence of microwave hasz-
ards vas apparent, it follows that an essential objective of this
program wes to acquire, through laboratory experimentation, & basis
for validating protective criteria to insure e safe rediation eavi-
romment for personnel at the least possible cost to military opers-
tions.

During the period of study, & considerable number of findings,
many of clinical significance, have been compiled. Much has been
gained and much remains to be learned, The wealth of data contained
in this report comprises pertinent facts gathered from many sources,
domestic and foreign, relating to the biological consequsnces of micro-
wvave radiation experiences. These data may be valuable to many inves-
tigators for a variety of uses, but the singular most important contri-
bution of the report is to uphald the maximum permissible level of 10
mv/cm2 as advocated by the Tri-Service Committee. Sufficient evidence
is presented to obviate any proposal to increase the tolerence level
until more is known about the chronic effects of long=-term exposures
to low level radiation densities.

It should be understood that the present maximum permissible
level of 10 mvw/cm2 is besed on average power measurements and defines
& safe radistion ambient for unrestricted personnel operatioms. The
possibility of alleviating present restrictions on the use of high
pover microwave equipment by permitting time limited exposure to power
densities exceeding 10 mw/cm® remains to be explored. A formidable
smount of research is attendant to this apyroach since variasbles such
as vavelength, energy/time relationships, power distribution cherece-
tsristics, exposure/recovery cycles, mixed field conditions, external
enviromisntal factors and physialogical states of the experimental sub-
Jects must be critically examined through complex, multivariate pro-
cedures, These problems, coupled with the lack of standardized micro-
wvave dosimetric techniques; pose an impressive obstecle to the modifi-
cation of the currmntly accepted tolerance limits,

This report concludes all work planied by RADC in the area of
microvave radiation hazards. Determination cf needs for additiocaal
study nov resides vith the Aerospace Medical Division of the United
States Air Force.

Db | Ml
Project Englnser . )
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1. INTRODUCTION

The development in recent years of radar equipment with peak power in the
megawatt range, and communications equipment with effective radiating power of
severa]l megawatts, has necessitated evaluation of the biologic hazards of ra-
diofrequency (rf) radiation. {n 1956 the Department of Defense, through the
U. S. Air Force and the Tri-Service Ad Hoc Committee, undertook a comprehen=-
sive analysis of the biological aspects and associated hazards of exposure to
microwave radiation. Information current at that time indicated that exposure
to microwaves could cause injury in experimental animals, and that no injuri=-
ous effects had been observed in radar workers. The injury appeared to bhe of
thermal origin and related to the absorption of the microwave energy. The
eyes and testes were especially susceptible to injury., Damage to these organs
and other biologic effects were associated with a significant rise in body or
tissue temperature. |t was evident that marked increase in body temperature
was the primary hazard whenever the whole cr selected areas of the body were
exposed to rf. Attempts to establish ''safe exposure'' leveis required consid-
eration of such variables, as frequency, duration of exposure, and field
strength. Sufficient reliable data were not available to establish ''safe ex-
posure' levels. Based partly on experimental evidence, theoretical consider-
ations and intuitive reasoning, a safe exposure level of 0.01 Watt/cm? was
established, which represented average power level and not peak power. The

maximum power density recommended applies to continuous wave (CW) and pulsed
microwave exposure.

The U. S. Air Force, on | March 1958 contracted with the Medical Division
of the University of Rochester Atomic Energy Project to:

(1) detect and define the injurious effects of acute and chronic
microwave exposure.

(2) establish, if possible, a to!erance or safe exposure level
for radar workers.

(3) establish, if possible, a biological effect or index in terms
of timed exposure at specific power densities.

Iritial studies were undertaken to recognize the general biologic re-
sponses caused’by irradiation from a 2800 Mc pulsed radar unit. This provided
base-ling data for comparison with studies at other frequencies. Animal re-
sponse foll wing 1240 Mc pulsed exposure was later investigated. The scope
of the investigation was extended in 1961 to include the interaction of micro-
wave and ionizing radiation in mammals.

2. MATERIALS AND METHODS

The studies were primarily conducted at the Verona Test Site facility of
Rome Air Development Center, Griffiss Air Force Base . S0me investigations
were performed at the University of Rochester, the University of Buffalo, the
Environmental Temperature Laboratory at Griffiss Air Force Base, and the U.S.
Army Medical Research Laboratory at Fort Knox, Kentucky.
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Healthy dogs, rabbits, rats, and mice were used. Male and female dogs of
mixed breed that weighed between 9 and 18 kg and ranged from 1 to 5 years of
age were used, The animals were quarantined for at least 30 days prior to
study. During this period, they were immunized against canine distemper and
[ hepatitis. Appropriate anthelmintic therapy was instituted if fecal examina-
{ tion revealed ova or parasites. The dogs were housed singly in roomy cages
which permitted them to turn freely. Water was available at all times and a
commercial kennel ration was provided once daily. Dogs previously exposed to
ionizing radiation (IR) were included for comparative purposes.

At the Verona Test Site two microwave power sources, an AN/FPS-6 operated
at 2800 Mc/sec (2750-2880 Mc/sec) and an AN/FPS-8 operated at 1240 Mc/sec
(1240-1285 Mc/sec) were used. The AN/FPS-6 was operated at 360 pulses/sec,
with @ 2 microsecond pulse width, and the AN/FPS-8 at 360 pulses/sec, with a
3 microsecond pulse width. Tue microwave exposure chamber measured 7 x 7 x 15
ft. and was lined with ECCO-SORB (R) CH-475, that absorbed approximately 98
percent of the incident energy.

Power measurements made with a Ramcor (R) Model 1200 densiometer indica-
ted a relatively uniform microwave field pattern across the animal's body dur-
ing exposure, with the energy at the periphery differing by less than 20 per-
cent from that at the center,

A double compartment Plexiglas (R) cage 45 inches long, 12 inches wide
and 24 inches high, was constructed to confine two dogs separately while they
were subjected to 2800 Mc microwaves (Fig. 1). Because of the limits of the
1240 Mc microwave field pattern, a single compartment exposure cage 20 inches
long, 20 inches wide and 23 inches in height was used. The animal was free to
turn to any position. Adequate ventilation was provided in the exposure
cages.

An electronic thermometer (Telethermometer (R) ) with appropriate ther~-
mistor probes, was used to determine rectal, subcutaneous or skin surface tem-
perature. In studies at 2800 Mc the rectal temperature of dogs was usually
moni tored continuously from immediately before, during, and on occasion after
microwave exposure. This was accomplished by shielding a tubular thermistor
probe with Plexiglas and fixing it in the rectum. Because the microwave
energy interfered with the operation of the thermistor probe during 200 Mc and
1240 Mc exposures, temperature determinations were made immediately before and
after exposure, or during the study period by temporarily suspending the
mi crowave exposure to permit such measurements.

Hematologic tests were performed on blood obtained from the jugular vein.

Dogs that survived several months or years following an LD (50/60) to LD
(80/60) dose of ionizing radiation were concurrently exposed to microwaves
with normal dogs in the double compartment cage previously described or alone
in the single compartment cage. Another group of dogs was exposed to micro-
waves, four days after Co®0 irradiation. For comparative purposes additional
animals were maintained at ambient temperature of 103.5 to 120° F for periods
up to six hours,
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Rodents were individually confined in @ multi-compartment Piexiglas cage
that faced the horn during exposure. Each compartment was 6 inches long,
L-1/2 inches wide, 4=1/2 inches high with holes for ventilation. The animals
were within a field 30 inches wide and 22-1/2 inches high.

In one study, pairs of dogs were exposed simultaneously to 165 mW/cm?Z,
During each exposure the dog that developed a rectal temperature cf 106°F
earliest, was at that time, provided with water ad libitum. The other was
not permitted access to water. Approximately 200 ml aliquots of water at 50
F were delivered through Tygon (R) tubing into a Plexiglas cup positioned in
a corner of the cage. At all times, approximately 100 ml of water was left
in the cup. To improve palatability, water was siphoned off and replaced as
it became warm., At arbitrarily chosen times during and at tke termination of
the exposure, each animal was weighed to within 10 g, and blood obtained for
hematocrit determination,

o}

Antibody half-1ife and disappearance rate of passively transferred anti-
bodies were determined in rabbits that were exposed to 2880 Mc at 100 mW/ cm?
until a critical rectal :emperature was reached. Antigen in the form of sheep
red blood cells (RBC) was given iv to rabbits two days or four hours before or
two days after microwave irradiation. Animals that received sheep RBf but
were not subjected to microwaves, served as controls,

Studies at the University of Buffalo utilized & 200 Mc continuous wave
(CW) unit with a helical antenna. At the University of Rochester, a bench-
model 2800 Mc (CW) generator was used.
3. RESULTS

A. Thermal Requlation

During exposure to 2800 Mc, 165 mW/cm? (Fig. 2), dogs exhibited an ini-
tial period of heating during which the rectal temperature increased two to
three degrees F within 40 to 60 minutes after start of the exposure. Panting
usual ly began as soon as the exposure started, and became more marked as the
exposure continued. Respiration rate increased and the animals became rest-
less. This was followed by a period of thermal equilibrium for about an hour,
which was characterized by a cyclic variation in rectal temperature between
105 and 106° F., During the period of thermal equilibrium, the animals ap~
peared comfortable with increasing and decreasing rate of panting that was
rhythmical in pattern. Following the equilibrium phase, at the onset of
breakdown in thermal regulation there was a striking increase in rectal tem-
perature with clinical signs of hyperpyrexia such as increased salivation, im-
paired locomotion, and excitability. Acute distress and collapse resulted
when the rectal temperature exceeded 1079F. Upon removal from the cage within
15 minutes after cessation of the exposure the animal could stand, but dis-
played prominent weakness of the hind quarters with staggering and incoordinra-
tion. Except for animals that exhibited the most marked responses after
exposure, there was generally an increased desire for water. Temperature re-
covery was exponential and within an hour post-exposure values approximated
the pre-exposure level. When death occurred, it was usually within 30 minutes
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after termination of the exposure; rigor mortis developed rapidly.

Exposure to 100 mW/cm for periods up to six hours, (an arbitrarily se-
lected time based on physical and technical support factors), did not result
in a critical rise in rectal temperature. The initial period of heating re-
sulted in 2 one to two degree rise in rectal temperature., The animal there-
after remained in thermal equilibrium,

Rectal temperature in dogs exposed to 1240 Mc, was comparable to dogs
exposed to 2800 Mc, at similar microwave field intensities. The response var-
ied little from the normal state until a critical rectal temperature level was
approached, when a moderate increase in panting was noted. The animals, how-
ever, remained comfortable or slightly agitated; salivation was normal or
slightly incrzased. Because of inactivity during exposure, impairment of lo-
comotion cculd not be ascertained until the animal was removed from the expo-
sure cage.

At 200 Mc, 165 mW/cm2, the dog equilibrated later than at 2800 Mc and re-
mained in equilibrium for a longer period (five hours average), before thermal
breakdown was evident (Fig. 3). Frequent interruptions necessary during the
exposure to facilitate temperature measurements may have influenced the dura-
tion of the equilibrium period. Small and large dogs responded similarly,

Rectal temperature of dogs in a 103.5-106° F, 20 percent humidity envi-
ronment, was stable during a six hour period. With exposure to 100 mW/cmZ,
2800 Mc at this increased ambient temperature the rectal temperature increased
to a critical level within one hour (Fig. 4). Exposure to 165 mW/cm2 at in-
creased ambient temperature resulted in the development of a critical rectal
temperature within a half hour (Fig. 5).

Dogs displayed a longer equilibrium period at 200 Mc than at 2800 Mc and
lack of equilibration at 120° F, 50 percent humidity (Fig. 6). The response
of different species to various exposures is shown in Figures 7, 8, and 9.
The cabbit is more sensitive to exposures at 2800 Mc than to exposures in a
hot environment, or at 200 Mc (Fig. 7). The rat could better tolerate 200 Mc
exposure than 2800 Mc or 120° F ambient temperature (Fig. 8).

Body size did not seem to be a factor in the thermal response at 2800 Mc
165 mW/cm?, Both rat and rabbit responded similarly, A critical rectal tem=
perature was usually reached in ten minutes in the rabbit and 20 minutes in
the rat with no equilibration. Fox:-terriers, equal in body weight to rabbits,
(about & kilograms), responded in the same way as dogs that weighed Letwecn 8
and 20 kilograms, (Fig. 9).

In studies at 2800 Mc in which skin surface temperature was measured, the
temperature difference between the side facing the horn, and the rectal tem-
perature, became smaller during the first 30 minutes of exposure, then stabi-
lized while the rectal temperature continued to increase (Fig. 10).

The ""Thermal Circulation Index" of three dogs was calculated using the
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forrula Ts-Te = Skin Temp - Arbient Temp - Physical Gradient

Ti-Ts Rectal temp - Skin Temp Physiological Gradient (160).
The difference in thermal circulation index reflects the depth of microwave
energy absorption of 200 Mc and 2800 Mc (Fig. 11).

B. Pathologic Effects

Superficial and deep burns occasionally developed after exposure to 2800
Mc at 165 mW/cm2. Although the burns occurred in various portions of the
body, the lateral aspect of the rib cage seemed most susceptible to this in-
jury (Fig. 12). A period of up to six days in normal dogs, and ten in dogs
previously exposed to X-irradiation (IR) elapsed following exposure before the
burn was evident. A deep clean wound, identical in appearance with a third
degree burn, resulted, The central portion of the burn appeared devitalized
with development of a process that suggested dry gangrene, prior to slough-
ing. Healing was siower in the IR survivor dogs and was accompanied by con-
siderable suppuration. In the others, suppuration was negligible. No
scarring or keloid development was noted. A dog with burns that healed in
three weeks was re-exposed six weeks after the initial exposure., Burns recur-
red in the original site as weli as in a new one. This response may indicate
differential sensitivity of various parts of the body.

Dogs under pentobarbital anaesthesia, when positioned in ventral recum-
bency with legs extended and side facing the aperture of the microwave gener-
ator horn, developed burns in the skin-fold between the trunk and the limbs
of the exposed side, which was moderately taut due to the position of the an-
imal. Anaesthetized dogs were susceptible to burns from exposures as short
&s 30 minutes. Since non-anesthetizedanimals had freedom of movement during
exposure, change in position permitted one side to cool, while the other
heated. Under such conditicns devitalization of a vascularly poor area is
minimized before the period of thermal breakdown is reached. Factors of im-
portance in the production of these burns include rate and/or duration of
heating, vascularization of the exposed area, anaesthesia, movement, and spe-
cifi: sensitivity of the animal,

Histologic sections from areas with burns were examined by Pr. Charles
Yuile, of the University of Rochester. His findings were: ''Changes noted at
the earliest times post-exposure (1/2 hour, 1-1/2 hours,and | day) are mild
and consist of edema and congestion which is, if anything, more marked in the
deeper tissues (fat and muscle) than in the dermis. At 5 days, the normal
dog showed changes as above, but somewhat more marked. while the X-radiation
survivor showed normal skin and underlying tissue. At 7 days, the normal dog
showed moderate, focal necrosis in the dermis, vesiculation of the epidermis
and marked inflammatory and degenerative changes in the fat and muscle. The
survivor of X-radiation at 7 days showed extensive, deep tissue destruction
with ulceration and eschar formation. At 14 days, a normal dog also showed
a deep ulcerating lesion, while an X-ray survivor was normal. At 15 days,
both normal dog and X-ray survivor had deep ulcerative lesions.

It is noteworthy that between 5 and 15 days, degenerative muscle changes
tended to be most severe at a considerable distance lateral to the areas of
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more superficial damage. This is illustrated in Figure 13 and 14,

Dogs were euthanized immediately after exposure and at |, Z, 28, and 8L
days after two to three hours exposure to 2800 Mc, at 165 mW/cm“. Necropsy
revealed generalized congestion of most organs, particularly the liver,
spleen, kidneys, and lungs. The testes, brain, pancreas, and heart were
slightly to moderately congested. The gastrointestinal tract was generally
cyanotic and the mucosa of the small intestine had scattered areas of inflam-
mation and hemorrhage. Grossly, the blood seemed darker red than normal with
little tendency to clot. Tissue sections from three of these dogs were exam-
ined by Dr. Frank W. Hartman (Office of the Surgeon General, USAF). Report on
one dog that died immediately after exposure was: ''Sections of all organs and
tissues shown in the four microscopic slides are congested. There is nothing
else definitely pathological with the possible exception of the degeneration
of the Purkinje cells in the cerbellum and a few of the cells in the basal
nuclei. The changes that are seen (in C7305-1) are comparable in every way
to changes seen in animals and man exposed to hyperthermia ranging from 106°F
to 108°F of four to five hours duration. There is nothing to differentiate
these tissue changes following exposure to microwaves with hyperthermia from
the changes seen in hyperthermia and hypoxia observed in animals and man fol-
lowing fever therapy.!" Sections from dogs 4 weeks and 12 weeks after exposure
revealed no definite pathologic changes.

C. Hematology

Whole-body exposure of normal dogs to microwaves resulted in leukocyte
changes reiated to microwave frequency, field intensity, and duration of expo-
sure. There was a marked decrease in lymphocytes and eosinophils after six
hours, 2800 Mc, 100 mW/ cm2 exposure (Fig. 15). The neutrophils remained
slightly increased at twenty=-four hourc, while eosinophil and lymphocyte
valueg returned to normal levels. Following two hours of exposure at 165
mW/cm®, there was a slight leukopenia and decrease in neutrophils. When the
exposure was of three hours duration, leukocytosis was evident immediately
after exposure. The leukocytosis was more marked at twenty-four hours, and
reflected the neutrophil response. There was a moderate decline in lympho-
cytes immediately following two to three hours of exposure, with recovery to
the pre-exposure level at twenty-four hours. Following two hours of exposure,
there was a slight decrease in eosinophils which was unchanged at twenty=four
hours. Eosinophil change was negligible at the termination of thiece hours of
exposure, and moderately decreased at twenty=-four hours.

After exposure to 1285 Mc, 100 mW/cm?, for six hours, there was an in-
crease in leukocytes and neutrophils. At twenty=-four hours the neutrophil
level was still noticeably increased from the pre-exposure level., Lymphocyte
and eosinophil values were moderately depressed. At twenty=-four hours, they
slightly exceeded th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>